1980, the authors of this paper began a study of the sources of lead and litharge recovered in the University of Cincinnati excavations at Ayia Irini on the Cycladic island of Keos.1 Our principal goal was to determine where the people of Keos obtained silver and lead in prehistoric times and to ascertain whether, over the long history of occupation at the site, there had been major changes in the sources exploited.2 I We owe our thanks to the late John L. Caskey for his encouragement, to the present director, Elizabeth Schofield, for her support, and to P. Spitaels for her continuing interest and enthusiasm for these studies. This paper does not give a complete presentation of lead and silver artifacts from the excavations. In our catalogue (below, pp. 401-403) we include only those finds which were analyzed by us. The contexts of the metal objects and metallurgical detritus will be described in more detail in final reports on the results of excavations at Ayia Irini (now in press or in preparation), to which, when possible, references are given in our catalogue.
Analysis of samples from Ayia Irini would be worthwhile, we believed, for the following reasons:
1) Samples could be collected from well-dated excavation contexts covering nearly the entire Bronze Age. Occupation at Ayia Irini continued from near the beginning of the Early Cycladic period through Late Mycenaean times with few interruptions. 2) Samples could be taken from similar kinds of contexts for all periods. Many Early Cycladic samples which had been previously studied were from graves, while those of the later Bronze Age were mostly from settlement levels. All samples studied for this report, however, came from settlement contexts: habitation deposits, fillings, or rubbish layers. For this reason, we may be fairly certain that any changes in sources at Ayia Irini are truly a result of chronological variation and are not related to any difference in the use to which metals from various sources were put. 3) Because debris from lead-and silverworking, as well as lead metal, was available for analysis, conclusions could be drawn not only about sources generally available within the Cyclades in a particular period but also about the sources of metals actually worked by the inhabitants of Ayia Irini. In particular, the presence of litharge, a waste product of the cupellation of silver-rich lead to extract silver, suggested that silver had been extracted on Keos.
Forty-five artifacts were analyzed, for the most part scraps of lead, clamps for mending pottery, and chunks of litharge. Chemical analyses were made using instrumental neutron activation analysis, and lead-isotope analyses were made using thermal ionization mass spectrometry.5 Samples were chosen from Early, Middle, and Late Cycladic contexts. The chemical and lead-isotope analyses are given in Table 1 , and the isotope analyses are given in graphic form in Figure 1 .
There are a number of lead-and silver-ore deposits both in the Cyclades themselves and relatively near the coasts of the Greek and Anatolian mainland. The isotopic composition of the objects from Keos must therefore be compared with the isotopic composition of these potential ore sources in order to establish which sources were in fact supplying lead and silver to Keos in the Bronze Age. The isotopic compositions have already been reported for ore deposits from Spain, Thasos, Samos, Lesbos, and mainland Greece, from 9 Cycladic islands, and for 15 Anatolian deposits.6 These analyses show that lead-silver sources on Siphnos and in the Laurion have isotopic compositions different from each other and different from any other Mediterranean ore deposit yet analyzed.
Against this background the isotopic analyses of the lead and litharge from Ayia Irini (see Fig. 1 ) show that the ore deposits supplying this site are overwhelmingly to be identified as those on Siphnos and in the Laurion. The results confirm expectations based on earlier work: that a major change in lead and silver sources had occurred after the EC period. Laurion appears to have been a more important source for Keos than for other islands in EC times, but this is not surprising, given its proximity to the island. In Early Cycladic Keos sources were divided about equally between Siphnos and the Laurion, with possible We digress here to discuss the "mixing problem" potentially posed by the possibility that metal artifacts from a particular site may be made from a number of remelted objects themselves made from ores from different sources, thus confusing the isotopic "fingerprint". This is a rather unlikely possibility for lead artifacts since, as we discuss further in the technological appendix (below, p. 403), there is much evidence that in the Greek Bronze Age lead metal was a by-product of the extraction of silver from lead-silver ores. Lead metal (from the smelting of such ores) which proved to contain too little silver for its profitable extraction from the lead by cupellation was used only on rather a small scale and is likely always to have been in surplus. There was consequently little reason to melt together lead from different smelting batches and much less to melt together lead objects of different origin. Moreover, of the 27 lead objects analyzed from Ayia Irini, 9 were pottery repair clamps. Such clamps are especially unlikely to have been salvaged if the vessels which they repaired were subsequently to be broken beyond further repair.
Further, as discussed in the technological appendix (below, p. 403), litharge in the Bronze Age was always discarded and never reduced back to lead metal. Litharge, therefore, can never be the product of ores from different ore sources unless one posits the extremely unlikely situation that ores were brought from widely separated deposits to a central smelting facility. Such an operation in the Bronze Age would have been extremely disadvantageous both technically and economically. For the preceding reasons 18 litharge samples from Keos were included in this study.
The final proof that the mixing problem is unimportant for this study comes from the isotopic analyses themselves (see Fig. 1 ). If widespread mixing of lead from Laurion and Siphnos ore sources had occurred, the Keian analyses would scatter widely in the lead-isotope diagram, covering the whole region between the Laurion and Siphnian ore-deposit fields. If widespread use of other Cycladic, Greek, or Anatolian sources had been involved, 7 It is difficult to know how much importance to attach to the presence of this single Siphnian piece. EC sherds are not at all uncommon in MC and LC levels in the part of the site from which it comes; the possibility cannot be ruled out, therefore, that it is a "cast-up" from EC levels. There is very minor evidence for Siphnian and other non-Laurion artifacts on Crete in LM times: see references cited in footnote 4 above and Stos-Gale and Gale, "The Minoan Thalassocracy," (footnote 1 above), fig. 4 . We might also note that a lead object from Akrotiri has been assigned a Siphnian provenance (see Gale and Stos-Gale, BSA, p. 213). Clearly it is not from the destruction levels of the site but is described as from "Bronos 2, under road". This raises the possibility that it has an MC context in view of the extensive MC layers which immediately underlie the LC I town: see C. Doumas, "The Stratigraphy of Akrotiri," Thera and the Aegean World I, C. Doumas, ed., London 1978, pp. 777-782. then the Keian isotopic analyses would tend to cluster in the region of the diagram between the Laurion and Siphnian fields, since the majority of these sources have isotopic compositions which fall in this region. In fact, the analyses cluster convincingly either in the Laurion or Siphnian field, and this is true both for lead and litharge samples. Only 5 analyses out of a total of 46 fall outside these fields, in a region which could be either the result of a mixture of Laurion and Siphnian lead or, more probably, the minor use of another ore source, perhaps on Syros. It is noteworthy, however, that each of these isotopically anomalous Keian objects is also rather high in gold content; both this and the isotopic composition are, from the purely analytical standpoint, consistent with ore deposits in the Chalkidiki, but as yet there is no evidence that these ores were exploited so early.
The confirmation of the pattern suspected from earlier analyses challenges us to attempt to explain why and how Laurion became the dominant supplier of lead and silver to the Cyclado-Minoan world and why Siphnos eventually ceased to be a major source, or perhaps even a source at all, when it lay much closer to Crete than Laurion. It does not appear that the exhaustion of all available ores on Siphnos or elsewhere in the Cyclades, closer to Crete than Laurion, is an adequate explanation since, in addition to Siphnos, accessible lead ores still occur today on Kythnos, Syros, Seriphos, Melos, Polyaigos, Antiparos, Thera, and Anaphi while silver-bearing ores occur on Syros, Antiparos, Seriphos, Melos, and Thera.8 It seems that these deposits were just not discovered in the Bronze Age; certainly our own exploration has revealed no evidence that they were. In the Archaic period, however, the Siphnian mines are attested to have been an important source of silver by the historical record (for instance, Herodotos, III.57-59), by scientific analyses of Greek silver coins,9 and by direct dating of levels underground in the Siphnian mines.10 Nor does it appear that Siphnos after the Early Bronze Age was cut off from the rest of the Aegean, owing, for example, to its incorporation into an economic sphere to which its former trading partners did not belong.11 What little is known about Siphnos in the Middle Cycladic and early Late Cycladic periods does not suggest that the island was in any way isolated from Crete or other Cycladic islands. 12 Some additional explanation seems to be needed, therefore, if this paradox is to be understood: in particular, why by MC III/LC I did Crete and Thera come to draw the bulk of their silver and lead from the Laurion, when clearly Siphnos was much closer and had in viz., as a result of disturbances in the islands, the Minoans were denied access to Siphnos and, consequently, turned to Laurion, at first reaching it by a route which passed through western Crete, Kythera, and the Argolid; in the MBA, with the resumption of business as usual in the Cyclades, the Minoans will have turned to a more direct route up the "Western String" of Cycladic islands to eastern Attica.
Although it is reasonable to suggest that the supply of metals from Siphnos to Crete was disrupted at this time and that the Minoans looked to Laurion as a replacement for Siphnos, such a scenario fails to explain a continued dominance of Laurion over Siphnos in the Middle and Late Bronze Ages: i.e., after trade between Crete and the Cyclades had been re-established, why did Siphnos not regain its position as a major supplier? Moreover (see above, p. 394), it is not entirely certain that Laurion had become the major supplier of silver and lead to the Aegean already by the earlier MC period (i.e., in the years immediately following the "gap") or that Siphnos had actually ceased production by MC times. We clearly need a program of isotope analysis concentrating on samples of the later EBA and earlier MBA on Crete, on the mainland, and in the islands, if we are to resolve these issues.
Cyclado-Minoan world.14 In short, interregional trade appears to have been better organized and more frequent than ever before.
While we know much about the trade between the Cyclades and Crete, we know relatively little about contacts between the Cyclado-Minoan world and Laurion, other than through lead-isotope analysis. It is clear, however, that by the end of the Middle Bronze Age, pottery from the Cyclado-Minoan world was reaching the site of Thorikos at Laurion, and by the Late Bronze Age, the discovery of disk weights of the type common in the Cyclades, and perhaps on a Minoan standard of measurement, suggests regular exchange with the Minoan world.15
It is within the context of the development of the state in Crete that one should view the development of regular organized overseas Minoan trade, namely, as a response to the increased energy requirements of an increasingly complex Minoan society.'6 Moreover, it is likely that increased trade through the Cyclades between Crete and the mainland was the result of increased demand in Crete for products not available on the island itself.'7 It is unlikely to be coincidental that Cretan trade with the Cyclades began in earnest soon after the foundation of the Old Palaces and increased dramatically after the building of the New Palaces. Furthermore, as Schofield has recently noted, it is highly likely that much Cretan trade with the islands was under the control of the Palaces.18 Not only does a more politically complex polity have greater needs but it also has greater resources at its disposal to attempt to satisfy them. The palatial elite could have both afforded costly investments in ships and supplied necessary goods to exchange for increased imports.19 It might also, with the resources of the state behind it, at times have undertaken greater risks in the pursuit of gain than private merchants would have dared.
It is, unfortunately, difficult to say much at present about the relationship between the actual emergence of the Cretan palaces and the metals trade specifically, since so little is known about the use of lead and silver on Crete in Old Palace times. Few lead artifacts from Middle Minoan Crete have been published, and even fewer silver objects are known.20 Some have interpreted this evidence to mean that lead and silver were very scarce,21 one possible explanation for the rarity of lead and silver in earlier MC contexts at Ayia Irini. To the contrary, others have argued that in MM I-II metals, including silver, were very familiar to the Minoans, even though archaeological finds in Crete are rare, and that they had become much more common by MM 111.22 The recent discovery that Laurion silver was apparently reaching Egypt perhaps as early as prepalatial times may, if it was traded by way of Crete, point to an otherwise unattested familiarity with the metal on the part of the Minoans.23 Our picture of the scale of silver and lead consumption in the Old Palace period may, in fact, be grossly distorted by a lack of any excavated royal tombs and a scarcity of destruction deposits in buildings which were subsequently abandoned. It therefore seems reasonable to suggest as a working hypothesis that increased demand from Crete was the major factor behind the rise of Laurion as the primary source of Aegean lead and silver.
In times of increased demand for metals, Laurion, we believe, had distinct natural advantages over other Aegean sources of lead and silver, advantages which can be seen most clearly if viewed from the perspective of formal economics. The formalist approach of economic anthropology emphasizes economizing decisions in economic behavior.24 Its fundamental assumption is that individuals will seek out maximum benefits at the least cost. They may be assumed to "choose what to produce, how to produce it, the means of transport, whom to exchange with, and what to obtain for consumption, based on a rational evaluation of their goals and the alternative possibilities."25 Recent studies of pottery trade between Crete, the mainland, and the Cyclades have shown that this approach is an effective way to understand at least some aspects of Middle and Late Bronze Age trade. Cherry and Davis have argued that the distribution of Helladic pottery in the Cyclades in LC I may best be understood if it was being traded by middlemen capitalizing on differences in value of particular kinds of pottery in different parts of their trading sphere.26 Davis and Lewis, moreover, have shown that many changes which have been observed in Cycladic pottery of the later Middle and early Late Bronze Ages can be best explained as attempts to make Cycladic pottery more marketable in the face of competition from Crete.27
From such a perspective, it is likely that the very abundance of Laurion's metal resources would have been its major advantage, since it is unlikely that Siphnos, although its ore was of high quality, could have produced large quantities of ore as easily as was possible at Laurion.28 It should here be emphasized that the lead-silver ore on Siphnos, although rich in silver, seems to have been disseminated rather sparsely in the host iron ore. Moreover, although the ore outcrops at seven places, six of these are inland, some hundreds of meters above sea level, and generally rather inaccessible. Only at Ayios Sostis, at sea level on the northeast coast, has evidence so far been found for Bronze Age working. In Laurion, on the other hand, there were incomparably greater and more easily worked reserves of silverrich galena in thick veins, and at Thorikos the ore occurs conveniently near the sea in considerably larger quantities than at Ayios Sostis.
The inability of Siphnos to supply large quantities of ore easily may occasionally have forced traders who could not find adequate supplies closer to Crete to travel to Laurion. Laurion may even have become a preferred source because of the abundance and accessibility of its ores. This preference, as soon as the scale of production at Laurion had surpassed that in the Cyclades, may have been reinforced by the greater agglomeration of traders drawn to its ports, who would find there opportunities for trade at a central location in goods other than metals.
Much also depends on how politically and economically developed the settlements in the Laurion were at the time when the area was first becoming the major source of lead and silver for the Minoan world. has recently suggested, through the imposition of duties on foreign traders passing through their ports, although we need not assume that Ayia Irini in any way monopolized access to the Laurion sources.33 Another source of profit may have been through trade in metals extracted locally from Laurion ores. When demand was sufficiently high, it might have been profitable to trade for unprocessed or partly processed ore or metal, to finish the processing locally, and then to use the processed metals in further barter. For example, on Thera local production of silver that derived ultimately from Laurion is proved by lead-isotope analyses of litharge found at Akrotiri.34 Since no lead-smelting slag was found, it is most probable that richly argentiferous lead metal was taken from Laurion to Thera and processed on the island for silver. We should not assume, however, that because evidence of metalworking has been found at Ayia Irini, Phylakopi, and Akrotiri they were particularly important suppliers of metals. We obviously need a way to judge the size and scale of production at a site. Since most metallurgical activities were no doubt conducted away from the settlement and therefore out of the area of most excavations, to detect them we will need special techniques, such as intensive surveys with magnetometers, perhaps accompanied by supplementary excavations.
Additional wealth may have been derived through trade in manufactured goods. Certain kinds of metal objects may have been manufactured at Ayia Irini since we have considerable evidence for the remelting of bronze and copper.35 It has also been suggested that the lead weights so common in the islands at this time were cast in Keos.36 All those so far analyzed prove to have been made of Laurion lead, but there is no evidence that they were actually made at Ayia Irini.
In addition to bringing wealth to certain Cycladic centers, the establishment of Laurion as the major source of silver and lead in the Aegean and as an important source of copper may have had important consequences for the evolution of complex society in the Aegean. When an important resource is concentrated at a single location it becomes easier to control access to it; moreover, if access can be controlled, it is possible for an elite class to use the resource to build or extend its power base.37 For example, it has been suggested that Mykenai during the period of the Shaft Graves gained power through its control over the Aegean tin, and perhaps copper, supply. The value of continued research into intra-Aegean exchange in metals seems clear. The hypothesis advanced in this paper can and certainly needs to be tested further. In this regard, detailed examination of the relationship between increased demand for silver and lead (perhaps measured as an index of several factors including their frequency, amounts of metallurgical debris, and the degree to which they are dispersed outside central places) and the percentage of lead and silver with a Laurion provenance would be an extremely useful next step. Isotope analysis offers us the tool to answer questions which only a few years ago we could scarcely formulate, but in such studies may lie answers to questions about the rise of civilization which are of interest not only to Aegean archaeologists but to all students of prehistory.
39 Thorikos appears to have been a large community in the Middle Bronze and early Late Bronze Ages. We know that silver was being cupeled at Thorikos at least by the end of the Middle Bronze Age, and P. Spitaels (see below) has shown that galena was being mined from at least as early as the final phases of the Early Bronze Age in mine No. 3 at Thorikos. There are signs that Thorikos was also prosperous and developed a stratified society rather early in Mycenaean times: it has some of the earliest tholos tombs on the mainland. 
CATALOGUE
The contexts of many of the objects in this catalogue have already been described in volumes of the final publication of excavations at Ayia Irini; some of the objects will themselves be published in more detail. We have made reference to the volume in which they will be presented or their context discussed. References to House A catalogues or Rooms are to W. W. Cummer and E. Schofield, Keos, III, Ayia Irini: House A; references to Period V catalogues are to J. L. Davis, Keos, VI, Ayia Irini: Period V (forthcoming); and references to Period IV catalogues are to J. C. Overbeck, Keos, VII, Ayia Irini: Period IV (forthcoming). For each entry in our catalogue, the date (based on analysis of pottery) is given when the stratum containing the sample is most likely to have been laid down. In parentheses following this date are given the dates of any intrusive pottery found in the stratum, of both earlier and later date. In the case of periods for which the final publication is not yet completed (viz., all EC periods, Period VI, Period VII outside House A, and Period VIII), all dates should be considered provisional and may be subject to slight revision in final publications. Samples Kl 1, K22, K43, K45, and K50 are omitted; analysis showed them to have no connection with lead or silver metallurgy. 
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TECHNOLOGICAL APPENDIX
The neutron activation chemical analyses of the lead and litharge from Ayia Irini add an important body of material confirming deductions that Gale and Stos-Gale had previously made about the technology of lead and silver production in the Bronze Age.40 They had deduced that, in the Bronze Age, lead metal was not produced by reducing back to the metal the litharge produced as a waste product in cupeling for silver41 but that lead metal used for its own sake was taken from a batch of smelted lead which had, in a test cupellation on a sample in a small crucible, been found to contain too little silver for economic recovery by large-scale cupellation. They had further deduced that the lowest level of silver in lead necessary for economic recovery in EC times in the Cyclades was about 700-800 g. per tonne but, on the basis of analyses of lead artifacts from Thera, Mykenai, Menidi, Vapheio, Thorikos, and Perati,42 that this had dropped to a figure of about 400-600 g. per tonne by the Middle and Late Bronze Ages.
The chemical analyses given in Table 1 show that the average silver (Ag) content of ten samples of litharge (K9, 14, 17, 18, 21, 27, 39, 42, 46, 49) is 13 ppm, while only one sample of lead metal contains less than 250 ppm Ag (K47, with 157 ppm Ag). It is again clear that lead metal at Ayia Irini was not obtained by reducing litharge.43 It is most likely that here, as elsewhere in the Aegean, a test cupellation was made on each fresh batch of smelted lead and that lead containing too little silver was set aside to be used as lead metal, the silver-rich lead being instead cupeled on a large scale for its silver and the litharge thrown away. If timber was in relatively short supply,44 it would not be 40 See Gale and Stos-Gale, BSA, pp. 215, 217; Stos-Gale and Gale, op. cit. (footnote 6 above), pp. 483-484. 41 Silver was produced in a two-step process. Silver-rich lead ores were first smelted in a furnace to produce silver-rich lead metal, which was then cupeled to liberate the silver from the lead. In the process of cupellation silver was recovered from the lead by oxidizing the lead to litharge (PbO) by blowing currents of air over the lead kept molten in a crucible at a temperature of about 11000C. Impurities like Cu, Sn, Sb, As are largely oxidized with the lead, but the silver is not oxidized and is left behind as a molten globule of silver metal when the molten litharge is removed by mechanical means or by absorption into the wall of the crucible. 42 The arguments are given at length in the references quoted in footnote 40 above. 43 Some samples of litharge from Ayia Irini (K8, 10, 12, 16, 23, 37, and 41) do contain high over-all amounts of silver, but it is not situated in the litharge matrix. In these samples the silver is concentrated in small droplets of highly argentiferous lead entrapped in the litharge, a phenomenon noted also in litharge from Laurion by C. E. Conophagos, "Une methode ignoree de coupellation du plomb argentifere utilisee par les anciens Grecs," Annales geologiques de pays helleniques II, 1959, pp. 137-149. This involves a loss of silver and occurs when the litharge is carelessly removed from the surface of the bath of molten argentiferous lead; the relatively high incidence of such litharge at Ayia Irini perhaps reflects a carelessness induced by the ready availability of rich silver ore in the Laurion. 44 We should not forget that large quantities of fuel are needed to smelt metals. This point has been well made (with reference to ironworking) by W. The lack of timber on the Cycladic islands in the later Bronze Age is another factor which may have
